Vasa is a broadly conserved DEAD-box RNA helicase associated with germ line development and is expressed in multipotent cells in many animals. During embryonic development of the sea urchin Strongylocentrotus purpuratus, Vasa protein is enriched in the small micromeres despite a uniform distribution of vasa transcript. Here we show that the Vasa coding region is sufficient for its selective enrichment and find that gustavus, the B30.2/SPRY and SOCS box domain gene, contributes to this phenomenon. In vitro binding analyses show that Gustavus binds the N-terminal and DEAD-box portions of Vasa protein independently. A knockdown of Gustavus protein reduces both Vasa protein abundance and its propensity for accumulation in the small micromeres, whereas overexpression of the Vasa-interacting domain of Gustavus (GusΔSOCS) results in Vasa protein accumulation throughout the embryo. We propose that Gustavus has a conserved, positive regulatory role in Vasa protein accumulation during embryonic development.
Introduction
Animals specify primordial germ cells (PGCs) with a variety of different developmental strategies, yet they employ a shared set of genes (Extavour and Akam, 2003; Seydoux and Braun, 2006) . The most extensively studied of these is vasa, a highly conserved DEADbox RNA helicase, which has proven a reliable germ line marker in many animal species (e.g. Gustafson and Wessel, 2010; Raz, 2000) . Originally identified in Drosophila, vasa is essential for oocyte development, posterior patterning, and PGC specification in this embryo (Lasko and Ashburner, 1988; Schupbach and Wieschaus, 1986; Styhler et al., 1998; Tomancak et al., 1998) . These germ line requirements of vasa are also evident in the mouse and in Caenorhabditis elegans (Kuznicki et al., 2000; Spike et al., 2008; Tanaka et al., 2000) .
Although vasa is not essential for normal physiology of every cell type within a developing or adult animal, its requirement for fecundity in the adult is supported by loss of function mutation analyses in Drosophila, Xenopus, mouse, the budding tunicate Polyandrocarpa misakiensis, the crustacean Parhyale hawaiensis, the monogenean Neobenedenia girellae and the nematode C. elegans; each analysis substantiates similar roles for vasa homologs in germ cell development (Hay et al., 1990; Ikenishi and Tanaka, 1997; Kuznicki et al., 2000; Lasko and Ashburner, 1988; Liang et al., 1994; Ohashi et al., 2007; Ozhan-Kizil et al., 2009; Schupbach and Wieschaus, 1986; Spike et al., 2008; Styhler et al., 1998; Sunanaga et al., 2007; Tanaka et al., 2000) . In chicken embryonic stem cells, ectopic expression of vasa is sufficient to induce expression of specific germ line and meiotic genes e.g. the chicken vasa homolog (Cvh) (Lavial et al., 2009 ). However, to date, these in vitro cell culture properties of vasa have not been observed in an intact embryo. Moreover, data from polychaetes, Hydra, sea urchins and flatworms suggest that vasa can have broader stem cell functions (Gustafson and Wessel, 2010; Kuznicki et al., 2000; Mochizuki et al., 2001; Noce et al., 2001; Pfister et al., 2008; Raz, 2000; Rebscher et al., 2007; Shibata et al., 1999; Tanaka et al., 2000) .
Localized Vasa protein expression within the embryo at some point during development is a common feature in all animals studied and it appears that animals accomplish this by utilizing several independent regulatory mechanisms, both transcriptional and posttranscriptional (Knaut et al., 2000 (Knaut et al., , 2002 Liu et al., 2003; Sugimoto et al., 2009; Van Doren et al., 1998; Voronina et al., 2008; Wolke et al., 2002; Yoon et al., 1997) . Taken together, these data underscore the fact that proper expression and localization of Vasa protein is crucial for its roles in development. During the course of evolution, multiple layers of regulation may have compounded to accommodate a variety of increasingly diverse developmental strategies while maintaining cell type-specific Vasa expression. Evidence of this regulatory complexity can be seen in the larval ascidian Ciona intestinalis, the colonial ascidian Botryllus primigenus and the sea urchin S. purpuratus where removal of Vasa-positive cells induces de novo Vasa expression (Sunanaga et al., 2006; Takamura et al., 2002; Voronina et al., 2008) .
Although several animals localize Vasa protein within a developing embryo through transcriptional and translational regulation, this Developmental Biology 349 (2011) [440] [441] [442] [443] [444] [445] [446] [447] [448] [449] [450] alone does not always account for select Vasa protein accumulation. A growing body of evidence suggests that selective Vasa proteolysis is a contributing factor. Despite early localization of vasa mRNA in zebrafish embryos, Vasa protein is distributed uniformly and is localized to PGCs only later in development (Braat et al., 2000; Knaut et al., 2000; Yoon et al., 1997) , due in part to soma-specific degradation of Vasa protein (Wolke et al., 2002) . In the developing Drosophila oocyte, Vasa protein accumulates at the posterior pole despite a uniform distribution of vasa mRNA (Hay et al., 1988; Lasko and Ashburner, 1990) . A regulatory balance between addition and removal of ubiquitin modifications appears to contribute to this phenotype. The deubiquitinating enzyme Fat facets physically interacts with Vasa protein and promotes its pole plasm accumulation and Fat facets mutants show increased levels of ubiquitylated Vasa (Liu et al., 2003) . Recent data in Drosophila identified two paralogous E3 ubiquitin ligase specificity receptors, fsn and gustavus, involved in this regulatory balance of Vasa ubiquitylation controlling pole plasm accumulation (Kugler et al., 2010; Styhler et al., 2002) . Drosophila Gustavus protein contains a B30.2/SPRY sequence comprising a single structural domain that biochemically interacts with Vasa in vitro (Woo et al., 2006a,b) . Sequence analysis of fsn predicts a similar B30.2/SPRY domain and both Fsn and Gustavus bind Vasa protein in vivo. Gustavus contains a SOCS-box that interacts with ElonginB/CCullin 5 complex, whereas fsn contains an F-box that interacts with a Cullin 1 scaffolding complex (Kugler et al., 2010; Woo et al., 2006a) . These complexes can link target proteins to the ubiquitin-proteasome machinery for degradation or other fate modifications (Piessevaux et al., 2008) .
In the sea urchin S. purpuratus, vasa transcripts are present uniformly during early embryogenesis, but Vasa protein is enriched in the 16-cell stage micromeres and subsequent small micromeres (Juliano et al., 2006; Voronina et al., 2008) . One possible explanation for this difference in appearance is that vasa mRNA is translated in the small micromeres and is translationally repressed in all other cells. This is a welldocumented phenomenon and data from several different animals demonstrate how translational repression allows localized protein production from a ubiquitous transcript during embryonic development (reviewed by Kuersten and Goodwin (2003) ). In many cases translation is controlled by cis-regulatory sequences within the 5′ and 3′ untranslated regions (UTRs) of the transcript (reviewed by Chatterjee and Pal (2009) ). Alternatively, the vasa transcript may be translated throughout this embryo and selective Vasa protein enrichment results from Vasa proteolysis in all cells except the small micromeres. This study provides insight into the regulatory mechanisms governing the small micromere accumulation of Vasa protein in the presence of uniform vasa transcript and supports the model that the E3 ubiquitin ligase specificity receptor gustavus has conserved functions regulating Vasa protein accumulation.
Materials and methods
Animals and embryos S. purpuratus husbandry and embryo culturing was carried out as described previously .
Sp-gustavus cloning, mutagenesis, plasmid construction and phylogenetic analysis Sp-gustavus was identified from computational gene sequence predictions in the S. purpuratus genome (http://www.hgsc.bcm.tmc. edu/projects/seaurchin/) using a BLAST analysis against the D. melanogaster gustavus protein sequence. ClustalW analysis was used to align amino acid sequences (http://www.ch.embnet.org/software/ ClustalW.html). SPRY and SOCS box domains were identified using the pfam program (http://pfam.janelia.org/; Finn et al., 2006 ) and the B30.2/SPRY domains were identified by comparative analysis to the B30.2/SPRY domain in D. melanogaster gustavus as defined previously (Woo et al., 2006a) . Domain sequence identities in gustavus orthologs were analyzed using the EMBOSS Needle Pairwise Alignment Algorithm (http://www.ebi.ac.uk/Tools/emboss/align). Template cDNA was prepared using the TaqMan® Reverse Transcription Reagents kit (Applied Biosystems, Foster City, CA) from purified S. purpuratus mesenchyme blastula-stage embryo RNA as described previously (Bruskin et al., 1981) . Full-length Sp-gustavus was PCR amplified from mesenchyme blastula cDNA, cloned into pGEM-T Easy (Promega, Madison, WI) and verified by sequencing (Table 2 ). This wildtype construct was used as a template to generate a gustavus plasmid encoding an R146W mutation by PCR stitch mutagenesis (Table 2) and GusΔSOCS constructs made with template plasmids encoding either Sp-gustavus wt or Sp-gustavus R146W. GST-GusΔ-SOCS wt and R146W constructs (Table 2) were generated with the pGEX-5X-3 expression vector (GE Healthcare Lifesciences, Piscataway, NJ). GusΔSOCS wt constructs containing the Xenopus β-globin 5′ and 3′ UTRs as well as an Sp6 promoter and transcription start site (pSp6 β-globin UTRs) were also generated (a generous gift from Dr. Kimberly Mowry, Brown University).
Sp-vasa plasmid construction and mutagenesis
Various N-terminal and C-terminal deletions to the Sp-vasa coding region were generated by PCR-mediated mutagenesis (see primers in Table 1 ) and subcloned into the pSp6 β-globin UTR plasmid between the Xenopus β-globin 5′ and 3′ UTRs. A GFP variant EGFP (Clontech, Mountain View, CA) coding region was added in frame to the C-terminus of each Sp-vasa deletion construct (Table 2) . Sp-vasa regions encoding N-terminal (N-term), middle (DEAD) and C-terminal (C-term) fragments were generated by PCR (Table 2 ) and subcloned into pT7-MAT-Flag-2 (Sigma-Aldrich, St. Louis, MO).
MG132 treatment and analysis
S. purpuratus eggs were fertilized in ASW containing 1 mM 3-aminotriazole (3-AT; Sigma-Aldrich, St Louis, MO). Embryos were cultured in ASW at 16°C to early blastula-stage (~10 h). The embryos were then cultured in 10 μM, 25 μM or 50 μM MG132 (Z-Leu-Leu-Leu-CHO; Enzo Life Sciences International, Inc., Plymouth Meeting, PA) ASW containing 0.5% dimethyl sulfoxide (DMSO), ASW alone, or ASW with 0.5% DMSO as negative controls at 16°C for 12 h. Protein samples from each culture were prepared for immunoblot analysis by pelleting the embryos, resuspending in 2× sample buffer (100 mM Tris-HCl pH 6.8, 4% SDS, 20% glycerol, 15 mM DTT, and 0.2% bromophenol blue). The samples were analyzed by Western blot probing with either affinity-purified rabbit anti-Vasa (1:1000) (Voronina et al., 2008) or rabbit anti-Actin (1:2000) (Sigma, St. Louis, MO) as described previously (Voronina et al., 2003) . Using Cy3-conjugated goat anti-rabbit IgGs (1:5000) (Jackson ImmunoResearch Laboratories, Inc., Westgrove, PA) as secondary antibodies, Actin and Vasa were imaged on the membranes with a Typhoon™ 9410 Variable Mode Imager (GE Healthcare Life Sciences, Piscataway, NJ) and were quantified using MultiGauge Imaging Software (Fujifilm, Tokyo, Japan). Remaining embryos from each culture were fixed for wholemount immunofluorescent analysis as described previously (Laidlaw and Wessel, 1994) . Anti-Vasa antibodies (1:500) and Cy3-conjugated goat anti-rabbit IgG (1:300) (Jackson ImmunoResearch Laboratories, Inc., Westgrove, PA) were used for immunofluorescence analysis and images were acquired with a Zeiss Axiovert 200M microscope using a 40× water immersion objective (Carl Zeiss Incorporated, Thornwood, NY). Fluorescent images were quantified using Metamorph imaging software (Universal Imaging Corporation, Downingtown, PA).
Recombinant Sp-Gustavus and Sp-Vasa protein production and purification
Recombinant fusion proteins were expressed in E. coli BL21 cells and cell pellets were resuspended in 10 ml of MAT Binding Buffer (25 mM Tris pH 7.5, 150 mM NaCl, 10% glycerol, 0.1% Triton X-100 and Complete Protease Inhibitor Cocktail (Roche, Indianapolis, IN)) containing 0.75% Sarkosyl. GST-GusΔSOCS proteins were prepared with MAT Binding Buffer containing 1 mM EDTA. After lysing the cells with 20 mg of lysozyme for 30 min at 25°C while rotating, and freezethawing at − 80°C and 37°C 3 times, the lysates were cooled on ice for 15 min and sonicated 2 cycles: 1 min each at 100% duty cycle and 1.5 power using a Branson 3000 Sonifier. Insoluble material was removed by centrifugation and the soluble protein lysate was collected and stored at − 80°C. GST-GusΔSOCS wt and GSTGusΔSOCS R146W fusion proteins were affinity purified with glutathione-coupled agarose beads (Sigma-Aldrich, St. Louis, MO) by incubating 1 ml of swollen beads with 10 ml of lysate at 4°C for 3 h. The beads were washed 6 times with 10 ml of MAT Binding Buffer. Purification of the recombinant proteins was confirmed by SDS-PAGE followed by Western blotting with anti-GST antibodies (1:5000) and Coomassie Brilliant Blue staining.
Recombinant Gustavus-Vasa binding assay
MAT-Vasa-Flag N-term, DEAD and C-term cell extracts were thawed and 1 ml of each was precleared with 50 μl of a GST protein glutathione-coupled agarose bead 50% slurry in MAT Binding Buffer for 1 h at room temperature under rotation. The beads were pelleted and the supernatant collected 2 times. Each cell extract was divided into 3 equal volumes and added to glutathione-coupled agarose beads containing either purified GST, GST-GusΔSOCS wt or GST-GusΔSOCS R146W. MAT Binding Buffer was added to a final volume of 1.2 ml for each binding reaction. Following a 3-hour incubation at room temperature under rotation, each binding reaction was washed in 1 ml of MAT Binding Buffer 6 times. Protein samples were prepared by adding 200 μl of 2× Sample Buffer containing 15 mM DTT to the beads, boiled for 5 min, centrifuged for 30 s at 18,000 ×g and the denatured protein supernatants were collected. The samples (20 μl) were resolved on a 4-20% gradient Tris-glycine polyacrylamide gel (Invitrogen, Carlsbad, CA) and transferred to nitrocellulose membranes for immunoblotting with mouse monoclonal anti-Flag primary antibodies (1:5000) (Sigma-Aldrich, St. Louis, MO) and peroxidaseconjugated rabbit anti-mouse secondary antibodies (1:10,000) (Jackson ImmunoResearch Laboratories, Inc., Westgrove, PA). The MAT-Vasa-Flag proteins were detected by incubation in a chemiluminescence solution (1.25 mM luminol, 68 μM coumeric acid, 0.0093% hydrogen peroxide and 0.1 M Tris pH 8.6) for 1 min, exposed to film and developed.
Whole-mount in situ RNA hybridization and immunohistochemistry
A digoxigenin (DIG) RNA Labeling Kit (Roche, Indianapolis, IN) and plasmid templates (see above) were used to generate DIG-labeled antisense RNA probes. DIG-labeled RNA probes generated from a pSPT 18 vector were used as nonspecific negative controls. Whole-mount in situ RNA hybridizations (WMISH) were carried out as described previously (Arenas-Mena et al., 2000) . Images were acquired with a Zeiss Axiovert 200M microscope using a 40× oil immersion objective (Carl Zeiss Incorporated, Thornwood, NY, USA). Sp-gustavus WMISH embryos were blocked for 1 h in MOPS-Tween20 buffer containing 10% sheep serum, incubated with 1 ml of MOPS-Tween20 buffer with 10% sheep serum and anti-Vasa primary antibodies (1:500) overnight at room temperature, Cy3-conjugated goat anti-rabbit secondary IgGs (1:300) and counterstained with 0.2 μg/ml Hoechst 33258 (Invitrogen, Carlsbad, CA). The embryos were imaged on a TCS SP2 AOBS confocal scanning microscope (Leica Microsystems; Bannockburn, IL) and the Sp-gustavus in situ staining was pseudocolored green using Photoshop®. Embryos mock-injected with Dextran or microinjected with synthetic β-globin UTRs GusΔSOCS wt RNA were fixed in paraformaldehyde and blocked as detailed above. These embryos were then incubated with affinity-purified anti-Vasa primary antibodies (1:500) as above, and Alexa488-conjugated goat anti-rabbit Sp-Gustavus-specific antibody production, purification and immunofluorescence
Polyclonal antibodies were generated using purified recombinant full-length Sp-Gustavus protein. An amino-terminal biotin-conjugated synthetic peptide containing the Sp-Gustavus VSGGMKQVAR-EPNFKSLHRELTYSGDLQ sequence (GenScript, Piscataway, NJ) was immobilized on streptavidin-agarose beads (Sigma-Aldrich, St. Louis, MO) and used for affinity purification of the anti-Gustavus antiserum. S. purpuratus eggs and embryos were fixed for whole-mount immunofluorescence in 4% paraformaldehyde and washed with MOPS-Tween20, as described above, incubated with the affinitypurified anti-Gustavus primary antibodies (1:50), Cy3-conjugated goat anti-rabbit secondary IgGs (1:300), counterstained with 0.2 μg/ ml Hoechst 33258 and imaged.
Synthetic RNA and morpholino antisense oligonucleotide injection and analysis
Capped sense RNA was synthesized using the mMessage mMachine® Sp6 Kit (Ambion, Austin, TX). Synthetic RNA transcripts were purified with RNeasy Micro Kit (Qiagen, Valencia, CA) yielding RNA concentrations between 1.5 and 3 μg/μl. Each RNA was mixed with synthetic β-globin UTRs mCherry RNA to a final concentration of approximately 1 μg/μl and 0.5 μg/μl respectively. Approximately 2 pl of each RNA mixture was injected into each fertilized egg. Injected embryos were cultured in artificial seawater (ASW) at 16°C and liveimaged at various developmental stages with either a Zeiss Axioplan microscope or LSM510 META laser confocal microscope (Carl Zeiss Incorporated, Thornwood, NY). A morpholino antisense oligonucleotide (MASO) complementary to the Sp-gustavus transcript 5′ UTR was generated to block translation (GeneTools, Philomath, OR). Using 500 μM of Gustavus MASO, microinjections were performed as previously described (Juliano et al., 2010) . Fluorescent images were quantified as described above. Cy3 fluorescent Actin and Vasa immunoblots were imaged with a Typhoon™ 9410 Variable Mode Imager and Gustavus chemiluminescent immunoblot images were collected on film as described above.
Results
The Vasa coding region directs small micromere enrichment Analysis of the endogenous vasa transcript and protein localization during S. purpuratus embryo development was indicative of a posttranscriptional regulatory mechanism (Voronina et al., 2008) . Despite a uniform vasa transcript distribution during early development, Vasa protein is detectable only in the small micromeres. To test if vasa mRNA is translated only in the small micromeres, we asked if the vasa UTRs impart sufficient regulatory information for small micromerespecific protein enrichment. A reporter was constructed which contains the GFP open reading frame (ORF) flanked by vasa 5′ and 3′ UTRs (Fig. 1A) . Synthetic vasa UTR-GFP RNA was transcribed in vitro and injected into fertilized S. purpuratus eggs, and accumulation of GFP in embryos was monitored. We found that GFP fluorescence was present uniformly in the embryos suggesting that vasa UTRs do not contain sufficient regulatory information to account for selective Vasa protein accumulation in small micromeres (Table 2 and Fig. 1B) .
We next tested whether the Vasa ORF is sufficient for selective protein accumulation in the small micromeres. The entire Vasa coding region was fused to GFP and flanked by Xenopus β-globin UTRs to direct constitutive translation throughout the embryo (Vasa 1 F-GFP; Fig. 1A ). Synthetic Vasa ORF-GFP RNA was co-injected into fertilized eggs with mCherry RNA, also flanked by the β-globin UTRs, as a control. While mCherry fluorescence was robustly detected in all cells, GFP fluorescence was enriched only in the small micromeres. Further, the Vasa 1 F-GFP protein was localized to perinuclear structures (Voronina et al., 2008;  Table 2 and Fig. 1B) .
To test which portion of the Vasa coding region is sufficient for its small micromere enrichment, a series of N-terminal and C-terminal Vasa deletion constructs were generated, fused to GFP and flanked by β-globin UTRs (Fig. 1A) . The truncation sites in the Vasa ORF were made outside known and predicted tertiary structural domains based on crystallographic data and computational predications in order to minimize any unfavorable folding conditions. Although Vasa 2 F-GFP only lacks residues 1-140 of the Vasa ORF, it accumulates in a punctate perinuclear location, but in all cells of the embryo (Table 2 and Figs. 1A, B) . Removal of residues 1-202 (Vasa 4 F-GFP), which includes the first 2 predicted CCHC Znknuckles, resulted in uniform GFP fluorescence in all cells and lacked any punctate perinuclear localization (Vasa 4 F-GFP; Table 2 and Figs. 1A-B) . Taken together, these data demonstrate that the first 140 residues are required for enrichment of Vasa protein in the small micromeres and the first two CCHC Zn-knuckles are crucial for the perinuclear localization of Vasa protein. However, Vasa 5 R-GFP, which contains only the N-terminal 312 residues and includes all 3 CCHC Zn-knuckles, is not sufficient for either small micromere protein accumulation or perinuclear localization (Table 2 and Figs. 1A-B) . In addition, deletion of just the 150 C-terminal residues results in loss of selective GFP accumulation (Vasa 3 R-GFP; Table 2 and Fig. 1 ). Thus the Vasa ORF contains multiple regions required for both its subcellular localization and for its enrichment in the multipotent small micromere lineage of the sea urchin embryo.
Vasa protein is subject to proteasome-mediated degradation
The Vasa ORF is sufficient to drive selective accumulation in the small micromere lineage. One mechanism that could explain this observation is that protein turnover may regulate selective Vasa protein accumulation. To test this possibility, embryos were treated with the reversible proteasome inhibitor MG132 and endogenous Vasa protein levels were assayed by quantitative immunofluorescence and Western blotting. While control embryos had normal Vasa expression patterns, MG132-treated embryos showed an increase in the Vasa immunofluorescence signal throughout the embryo ( Fig. 2A) . Despite apparent morphological defects in the embryos, likely due to complications arising from abnormal cell cycle regulation, Vasa protein enrichment was still evident in small micromeres following MG132 treatment ( Fig. 2A) . Quantitative analyses of Vasa protein levels, from both immunoblotting and immunofluorescence, show a dose dependent increase of approximately 2 to 3-fold upon MG132 treatment (Figs. 2B-C) . These data argue that Vasa protein is subject to proteasome-dependent degradation in non-small micromeres, which is consistent with the sufficiency of the Vasa coding region to direct its small micromerespecific accumulation. At present it is unclear why Vasa protein continually accumulates to highest levels in the small micromeres, even under a variety of perturbations. It is not a general phenomenon, since mCherry and other GFP reporters do not show such enrichment in the small micromeres.
Identification and analysis of the sea urchin gustavus ortholog
The canonical mechanism for directing proteins to the proteasome involves target protein acquisition of a polyubiquitin chain following its recognition by an E3 ubiquitin ligase (Voges et al., 1999) . Recent work in Drosophila suggests the E3 ubiquitin ligase substrate specificity receptor Fsn functions as a negative regulator of Vasa protein stability in the embryo by directing ubiquitylation of Vasa and its subsequent degradation by proteosomes (Kugler et al., 2010) .
Although Drosophila Vasa is ubiquitylated in vivo, we were unable to detect a ubiquitin-modified form of sea urchin Vasa (Liu et al., 2003;  data not shown).
Our efforts turned to another E3 ubiquitin ligase specificity receptor, gustavus, since Drosophila Gustavus binds to Vasa in vitro and in vivo through its B30.2/SPRY domain (Kugler et al., 2010; Woo et al., 2006a,b) . However, despite the ability to interact with both Vasa and E2 ubiquitin conjugating machinery Elongin B/C-Cullin5, Drosophila Gustavus appears to function as a positive regulator of Vasa protein stability (Kugler et al., 2010) . To examine whether this functional relationship exists in sea urchins, a S. purpuratus gustavus ortholog was identified and characterized. BLAST analysis of the S. purpuratus genome (http://www. hgsc.bcm.tmc.edu/projects/seaurchin), using the Drosophila Gustavus protein sequence, identified a single gene. This was deduced to be the sea urchin gustavus ortholog based on its sequence similarity as well as the presence and organization of B30.2/SPRY and SOCS box domains ( Supplementary Figs. 1A-B) . Genes with the same domain architecture exist in a variety of animals and show the closest sequence identity to (Finn et al., 2006) . (B) Synthetic mCherry RNA co-injected with RNA generated from the indicated Vasa-GFP constructs in (A). GFP (green) and mCherry (red) fluorescence assayed in mesenchyme blastula or gastrula-stage embryos following microinjection of synthetic RNA along with corresponding DIC images. See Table 2 for summary of results. Scale bar = 50 μm. the S. purpuratus gustavus gene within their B30.2/SPRY domain ( Supplementary Figs. 1A-B) . Structural data of Drosophila Gustavus protein reveals that several loops within two β-sheets form a prominent pocket that directly interacts with a Vasa peptide. The Vasa-interacting residues within these loops are completely conserved in all other identified gustavus orthologs including S. purpuratus gustavus (Supplementary Fig. 1A ; Woo et al., 2006b) .
Gustavus transcripts were analyzed by quantitative PCR and in situ RNA hybridization during embryonic development (Figs. 3A and 4C ). Of particular note is a uniform and strong signal in eggs, which remains uniform during early cleavage divisions. By the 16-cell stage, however, the transcripts decrease in the micromeres while remaining uniform throughout the rest of the embryo. Gustavus transcripts in blastula-stage embryos are restricted to a group of cells forming a ring around the vegetal pole. In mesenchyme blastula, the transcript remains at the vegetal pole, but is also present in the ingressing primary mesenchyme cells. Consistent with the qPCR analysis, the gustavus mRNA in situ signal progressively declines from gastrula to larval pluteus stages (Figs. 3A, C and data not shown). Co-labeling blastula embryos for gustavus mRNA and Vasa proteins demonstrates that gustavus transcripts are present in a ring of adjacent vegetal blastomeres, but are mostly excluded from the Vasa-positive small micromeres (Fig. 3B) . The predicted size of S. purpuratus Gustavus protein is~31 kDa and anti-Gustavus antibodies detect a doublet migrating at this molecular weight (Fig. 3D) . Despite the presence of Gustavus transcript in unfertilized eggs, Gustavus protein is not abundant in ovary or egg extracts by Western blot (Fig. 3D) . However, both Gustavus bands are detected in 4-cell to 16-cell embryos, while the smaller band persists into gastrula, decreases in late gastrula and 3-day larvae, and increases again in 12-day larvae (Fig. 3D) . Both Gustavus bands in 16-cell embryo protein extracts persisted following phosphatase treatment, suggesting that phosphorylation is not responsible for the two Gustavus antibody-reactive protein species (data not shown). Immunofluorescence demonstrates that Gustavus protein accumulation is punctate throughout the egg and early embryo and then becomes enriched in the vegetal cortex in micromeres (Fig. 3E ). Gustavus appears in all cells in mesenchyme blastula embryos and we found no embryos specifically lacking Gustavus protein in the small micromeres despite a depletion of gustavus transcripts in these cells.
The Gustavus B30.2/SPRY domain interacts with multiple portions of Vasa
The Vasa binding properties of the Gustavus B30.2/SPRY domain are well characterized in Drosophila, where biochemical and structural data identified a minimal DINNN Gustavus-interacting sequence in the Vasa protein N-terminus with respect to the DEAD-box domain (Kugler et al., 2010; Woo et al., 2006a,b) . Mutational analyses of the Gustavus B30.2/SPRY domain identified 4 phylogenetically conserved residues (Y133A, G149Y, R150W and W221L) that are essential for its binding to Vasa and are all located on the same binding surface (Woo et al., 2006a) . Although the S. purpuratus Gustavus B30.2/SPRY domain is well conserved and includes the 4 corresponding residues essential for Vasa binding (Supplemental Figs. 1A and B) , the S. purpuratus Vasa N-terminus lacks any similarity to the minimal Gusinteracting sequence in Drosophila. Therefore, we tested if the Gustavus B30.2/SPRY domain can interact with different portions of the S. purpuratus Vasa protein using a GST-pull down assay. Recombinant GST-GusΔSOCS wt and R146W (corresponding to the conserved R150 in Drosophila Gustavus) fusion proteins were first constructed, expressed in E. coli and purified with glutathione-agarose beads. Flag-tagged proteins containing Vasa residues 1-312 (N-term), 306-496 (DEAD) and 490-732 (C-term) were expressed in E. coli (Fig. 4A ). These soluble cell extracts were incubated with immobilized GST-GusΔSOCS wt protein, GST-GusΔSOCS R146W mutant protein or GST alone and bound proteins were analyzed by immunoblotting with anti-Flag antibodies. GST alone was incapable of binding any of the Vasa protein fragments whereas GST-GusΔSOCS wt bound both the Vasa N-term and DEAD proteins, but not the C-term protein fragment. GST-GusΔSOCS R146W also bound the DEAD protein, but was unable to bind the N-term or C-term Vasa proteins (Fig. 4B) . These data indicate that Gustavus has at least 2 interaction sites on the Vasa protein: one within the N-terminal portion and another within the DEAD-box domain. Since a Gustavus R146W mutation does not disrupt its DEAD protein interaction and abolishes its interaction with the N-term protein, Gustavus may interact with the N-term and DEAD residues on Vasa protein independently through two separate binding surfaces (Fig. 4C) . The DEAD-box domain of interaction is consistent with gustavus regulating the selective accumulation of this ancient protein in many organisms throughout the animal kingdom.
Overexpression of full-length gustavus and a gustavus mutant lacking its SOCS-box causes ectopic Vasa protein accumulation
Gustavus may function as a negative regulator of Vasa protein stability by targeting it for polyubiquitylation and degradation by the proteasome. Such a polyubiquitylation event would depend on the ability of Gustavus to directly interact with Vasa through its B30.2/ SPRY domain and link it to the ubiquitin conjugating machinery through the interaction of its SOCS-box with the Elongin B/C complex (Fig. 5A) . Alternatively, Gustavus may function as a positive regulator of Vasa protein stability by competing for Vasa binding with other proteins that target Vasa for proteolysis. In this scenario, Gustavus may indeed link Vasa to the ubiquitin conjugating machinery, but such an interaction may not result in Vasa degradation (Fig. 5A) .
In order to test these two hypotheses, we first investigated the effects of Gustavus overexpression on endogenous Vasa protein accumulation by injecting RNA encoding either the full-length Gustavus or GusΔSOCS flanked by the β-globin UTRs in the early embryo. If Gustavus acts as a negative regulator, we predict overexpression of a full-length Gustavus protein throughout the embryo would promote global Vasa proteolysis including the small micromeres. However, overexpression of Gustavus lacking its SOCSbox would compete with endogenous Gustavus for Vasa binding, yet fail to direct Vasa turnover resulting in elevated Vasa protein levels (Woo et al., 2006a) . A schematic representation of the S. purpuratus vasa DEAD-box domain in orange, C-terminus domain in pink, N-terminus CCHC zinc knuckles in purple and unstructured glycine-rich flexible sequence in yellow.
throughout the embryo (Fig. 5A) . While Vasa protein accumulated selectively in the small micromeres of mock-injected embryos, embryos overexpressing wildtype full-length Gustavus did not gastrulate, arrested development after~24 h and exhibited morphological abnormalities including an expanded ingression of primary mesenchyme cells (PMCs) into the blastocoel (Fig. 5B) . While some cells had a noticeable Vasa enrichment, they were dispersed among PMCs throughout the blastocoel instead of the small micromere location at the vegetal pole (Fig. 5B) . It is likely that Gustavus binds and regulates the stability of other proteins besides Vasa so these abnormalities may reflect aberrant regulation of Gustavus targets stemming from its multiplicity of target proteins. Such pleiotropic effects make it difficult to distinguish between positive and negative regulatory Gustavus functions with regard to Vasa protein stability.
However, embryos overexpressing GusΔSOCS displayed a dramatic increase in Vasa protein in all cells (Fig. 5B) . Unlike the MG132-treated embryos, these embryos exhibited completely normal development and morphology. Despite this increase throughout the embryo, Vasa protein was still more abundant in the small micromeres (Fig. 5B) . These results are consistent with both positive and negative Gustavus regulator hypotheses. 
Sp-gustavus is required for normal Vasa protein abundance and small micromere enrichment
To further test a functional relationship between gustavus and vasa in S. purpuratus, gustavus translation was impaired by microinjection of a gustavus-specific morpholino antisense oligonucleotide (GusMO) and endogenous Vasa protein accumulation was assayed in 20-hour-old embryos. Immunoblot analysis confirmed that GusMO treatment effectively decreased Gustavus protein compared to mock-injected embryos (Fig. 5E) . While typical abundance of Vasa protein was observed in mock-injected embryos, we find a statistically significant Vasa protein decrease in GusMO-injected embryos (Figs. 5C-E) . Furthermore, GusMO-injected embryos showed a significant reduction in the frequency of small micromere Vasa protein enrichment compared to control embryos (Figs. 5C and F) . These data are consistent with a positive regulatory role for Gustavus in both Vasa protein abundance and small micromere enrichment during embryonic development.
Discussion
The results shown here suggest that regulation of Vasa protein accumulation by proteolysis is a conserved mechanism (Kugler et al., 2010; Liu et al., 2003; Wolke et al., 2002) . In addition, we provide the first evidence that gustavus has a conserved regulatory role in embryonic Vasa expression, as it appears to have analogous functions to promote Vasa protein stability in both S. purpuratus and Drosophila (Styhler et al., 2002; Kugler et al., 2010) . Four pieces of evidence provide functional insight into the post-translational regulation of Vasa during S. purpuratus embryonic development: 1) Vasa protein accumulates throughout the embryo following proteasome inhibition; 2) knockdown of endogenous Gustavus protein reduces endogenous Vasa protein and reduces the frequency of Vasa protein enrichment in the small micromeres; 3) overexpression of the Vasainteracting domain of Gustavus (Gus B30.2/SPRYΔSOCS) results in ectopic accumulation of Vasa protein; and 4) micromere removal abrogates this regulation and promotes the ectopic accumulation of Vasa protein throughout the embryo (Voronina et al., 2008) .
Vasa enrichment in the small micromeres
While the results presented here suggest that Gustavus generally functions as a positive regulator of Vasa protein, additional regulation likely contributes to Vasa enrichment in the small micromeres. For example, the enhanced enrichment of Vasa protein in the small micromeres following proteasome inhibition with MG132 indicates that Vasa is also subject to degradation in the small micromeres. A similar increase in Vasa protein following GusΔSOCS overexpression, along with the decreased frequency of small micromere enrichment following Gustavus knockdown, is consistent with Gustavus functioning as a positive regulator in small micromeres to promote Vasa enrichment. Moreover, the accumulation of Gustavus in the vegetal cortex of the forming micromere suggests that Gustavus presence is not sufficient to degrade Vasa. Finally, it is also possible that the role of Gustavus in Vasa protein regulation may change during development or between different cell types. Western blot analysis shows two distinct bands detected by Gustavus-specific antibodies from cleavage through 16-cell embryo (Fig. 3D) . However, further work is required to determine whether these represent two functionally distinct Gustavus protein species and how their regulation may change upon removal of the micromeres when Vasa accumulates throughout the embryo.
Conservation of a bipartite Gustavus-Vasa interaction
Extensive structural and biochemical studies of Drosophila show that Gustavus is an E3 ligase substrate specificity receptor. Gustavus can form a complex with Elongins B and C through an interaction with the SOCS box in vitro while maintaining its Vasa binding properties (Woo et al., 2006a) . In vitro binding analysis identified a 30 amino acid stretch of Drosophila Vasa sufficient to bind Gustavus with an affinity similar to full-length Vasa. Deletion of these residues abolished the Vasa-Gustavus interaction in a yeast two-hybrid analysis (Styhler et al., 2002) . Comparison to other B30.2/SPRY domain proteins predicted two binding surfaces on Gustavus and a mutational analysis identified 4 residues on the B30.2/SPRY domain essential for binding the 30 amino acid Vasa peptide, thus demonstrating that it interacts with surface A on Gustavus (Woo et al., 2006a; Fig. 4C) . A subsequent atomic structure and biochemical study narrowed the minimal peptide sufficient for interaction with Gustavus to a DINNN sequence in a 20 amino acid Vasa peptide. This binds as a linear motif to a rigid preformed binding pocket on surface A of the B30.2/SPRY domain and argues against an induced-fit binding mechanism. The Asn residues at positions 3-5 in the essential residues are completely buried in the Gustavus binding pocket and contribute most to the high binding affinity (Woo et al., 2006b ). However, DINNN peptides did not efficiently compete for the Vasa-Gustavus interaction in co-immunoprecipitation assays, suggesting that Drosophila Gustavus makes additional contacts with Vasa outside of the DINNN motif (Kugler et al., 2010) .
A direct Vasa-Gustavus protein interaction is conserved in sea urchins, but several features of this interaction are different than in Drosophila. Despite a complete conservation of Gustavus residues shown to directly contact the minimal Drosophila Vasa DINNN sequence, no corresponding Vasa sequence exists in S. purpuratus. Further, vasa from other organisms also lacks a DINNN motif (see Gustafson and Wessel (2010) ), even though gustavus has strong sequence conservation. Our data suggest Vasa interacts with Gustavus through both its N-terminal region and its DEAD-box domain independently while displaying no interaction in its C-terminal region (Fig. 4C) . S. purpuratus Gustavus Arg 146 resides on binding surface A, as described for Drosophila Gustavus, and an R146W mutant abolishes its interaction with the Vasa N-terminal region while maintaining its interaction with the DEAD-box domain. This suggests that Gustavus may bind a sequence functionally analogous to DINNN in the Vasa Nterminal region through surface A whereas Gustavus may interact with the DEAD-box through a separate binding surface (Fig. 4C) . The glycine-rich composition of S. purpuratus Vasa N-terminal region is indicative of a flexible structure, which potentially could wrap around the B30.2/SPRY domain and accommodate a multi-contact binding model (Fig. 4C) .
Our data also suggests this bipartite Gustavus-Vasa binding mechanism contributes to Vasa protein stability in vivo. Deletion analysis of Vasa (Fig. 1) shows that both of the Gustavus-interacting portions of the Vasa open reading frame (N-term and DEAD) are required for its small micromere enrichment. While the Vasa Cterminal portion is required for its small micromere enrichment, in vitro binding analyses indicate that it does not interact with Gustavus ( Figs. 1 and 4) . The Vasa C-terminal portion may be a target of a Gustavus independent regulation or a potential site of ubiquitylation.
Subcellular localization of Vasa may require zinc-fingers
The perinuclear granule localization of Vasa is reminiscent of the germ line-associated ribonucleoprotein (RNP) rich structures nuage, the mitochondrial cloud, polar granules, P-granules, chromatoid bodies and somatic cell miRNA processing bodies (P-bodies) found in other animals (Eddy, 1975) . While the various names of these RNP rich structures correspond to differences in morphology, composition and animals in which they were first identified, it is believed they are functionally related entities. Indeed, several of the proteins identified in nuage structures function in mRNA regulation (Seydoux and Braun, 2006) . Moreover, Vasa homologs localize to such perinuclear structures in all animals studied to date including examples both in germ line and somatic cells (Parvinen 2005; Seydoux and Braun, 2006) . Ectopic perinuclear localization of the Vasa 2 F construct in non-small micromere cells shows that separate mechanisms are responsible for Vasa small micromere enrichment and Vasa subcellular localization (Fig. 1B) . These results imply that this portion of Vasa can ectopically nucleate a nuage-like structure. Further analyses help address the nature of these structures and Vasa's role in their assembly. These results also suggest that, while the portion of the Vasa ORF N-terminal to the CCHC Zn-knuckles is dispensable for its nuage localization, it is required for its small micromere accumulation. Together, these results show there are several post-translational aspects of Vasa regulation in S. purpuratus embryonic development.
Supplementary materials related to this article can be found online at doi:10.1016/j.ydbio.2010.10.031.
